Abstract: Extra-dimensional Higgsless models with electroweak symmetry breaking through boundary conditions generically have difficulties with electroweak precision constraints, when the fermions are localized to the "branes" in the fifth dimension. In this paper we show that these constraints can be relaxed by allowing the light fermions to have a finite extent into the bulk of the fifth dimension. The T and U electroweak parameters can be naturally suppressed by a custodial symmetry, while the S parameter can be made to vanish through a cancellation, if the leakage into the bulk of the light gauge fields and the light left-handed fermion fields are of the same size. This cancellation is possible while allowing realistic values for the first two generations of fermion masses, although special treatment is probably required for the top quark. We present this idea here in the context of a specific continuum theory-space model; however, it can be applied to any five-dimensional Higgsless model, either with a flat or a warped background.
Introduction
In the Standard Model (SM), the Higgs sector is responsible for electroweak symmetry breaking. The exchange of a virtual Higgs boson perturbatively unitizes the longitudinal gauge boson scattering amplitude. Without a physical Higgs boson, the theory would break down around the TeV scale. Higgsless theories have been proposed [1] , as alternatives to the SM, in which electroweak symmetry breaking is due to boundary conditions on gauge fields that propagate in five dimensions -the usual Minkowskian four dimensions plus an additional fifth spatial dimension. As is the usual practice, we refer to the extra-dimensional interval as the "bulk", and its four-dimensional endpoints as "branes". In Higgsless theories, even though a physical scalar Higgs boson is not present in the theory, it has been shown [2] that the onset of unitarily violation can be delayed due to new contributions from the Kaluza-Klein (KK) excitations of the gauge bosons. In our previous work [3] we used deconstruction [4] to obtain a Higgsless theory-space model with a U (1) × [SU (2) ] N × SU (2) N +1 gauge structure. We found that perturbative unitarily violation could be delayed satisfactorily if the heavy vector boson states come in below about the TeV scale. The continuum limit of this theory-space model was a five-dimensional SU (2) gauge theory with boundary conditions that break the theory to U (1) on one of the branes and with gauge kinetic terms localized on both branes.
The issue of whether Higgsless theories are compatible with precision electroweak constraints is being actively investigated. In ref. [5] it was shown that Higgsless theories have trouble satisfying precision electroweak constraints, even if brane-localized gauge kinetic terms are included. In our previous work [3] , we showed that in our model, with standard model fermions confined to the branes, the contributions to electroweak observables could be described in terms of the oblique S, T and U parameters [6] . We found that owing to an approximate custodial symmetry, T (and U ) was compatible with data, but S was in violation if the KK states had masses low enough to satisfy perturbative unitarity. Possibilities for reducing S in Higgsless theories have been found [7] , but only at the expense of producing a negative value of T . In Ref. [8] it is claimed that it is not possible to set both the S and T parameters simultaneously to zero, even if the bulk gauge coupling is made position-dependent.
It is important to note that all of these conclusions about electroweak constraints apply specifically to Higgsless theories with light fermions bound to the branes. In this article we shall explore how these conclusions change when the light fermions are allowed to have some extension into the bulk * . We shall use the continuum theory from Ref. [3] as our model, although the basic results should be applicable to any Higgsless theory. In Section 2 we begin by describing the gauge sector, along with a recapitulation of the results from Ref. [3] with brane-localized fermions. We then extend this theory to incorporate fermions with some finite extension into the bulk. In Section 3 we show that in this Higgsless model, which contains bulk fermions as well as fermion brane kinetic terms, it will be possible to make all of the S, T and U parameters small enough to agree with the data. This will be the main result of this article. Finally, in Section 4, we will offer our conclusions and comment on some remaining issues to be tackled.
Higgsless Theory with Fermions

Gauge Sector
As our toy model, we will consider the continuum limit of the theory of ref. [3] , which is arguably one of the simplest models of Higgsless electroweak symmetry breaking. This model is an SU (2) gauge theory, defined on a fifth-dimensional line segment, 0 ≤ y ≤ πR, where the boundary conditions break the gauge symmetry down to U (1) at one end of the interval. The five dimensional action is †
where, in this equation, the indices M, N run over the 5 dimensions, and we impose the Dirichlet Boundary condition, W a µ = 0, at y = πR for a = 3. The boundary kinetic energy term at y = 0 is defined by interpreting the δ-function as δ(y − ǫ) with ǫ → 0 + and the fields having Neumann boundary conditions, dW a µ /dy = 0, at y = 0. The δ-function and the field W 3 µ at y = πR should be interpreted similarly. Note that in the limit of small g and g ′ the theory looks like an SU (2) gauge theory and a U (1) gauge theory, living at the left and right ends of the fifth-dimensional interval, respectively. It is the bulk fields which connect the SU (2) and the U (1) theories, and transmit the breaking of the gauge groups down to a single U (1) EM .
The five-dimensional gauge fields can be expanded in a tower of four-dimensional Kaluza-Klein (KK) states: 
for the standard model gauge bosons, and
for the heavy gauge bosons.
Fermion Sector Model I: Brane-localized Fermions
For clarity we first consider the fermion sector of ref. [3] , where the fermions are restricted to the branes. The continuum limit of the fermion action can be written
where the covariant derivatives on the left-and right-handed fields are
Note that the left-handed field ψ L lives at y = 0 but couples also to the gauge field W 3 at y = πR. This non-locality may seem unnatural from the standpoint of an extra-dimensional theory; however, it is perfectly well-defined if we consider this from the standpoint of a continuum theory-space model. In the theory-space interpretation W a (0) and W 3 (πR) are just the gauge fields for independent SU (2) and U (1) gauge groups, and y is a (continuous) label for the independent gauge groups. Unfortunately, this mode of incorporating fermions has some unpleasant features. In order to give mass to the fermions requires introducing a nonlocal mass term involving a Wilson line running between the two branes. But the most damaging feature of this fermion action is that it produces electroweak radiative corrections that are too large, invalidating the theory. Therefore, we now consider an alternative fermion action.
Fermion Sector Model II: Fermions with Finite Extension into the Bulk
Drawing on the analogy of the gauge action (2.1), which has SU (2) and U (1) kinetic terms peaked at the two ends of the interval and connected through the bulk kinetic term, we consider a theory with left-handed and right-handed fermion kinetic terms peaked at the two ends of the interval and connected through a bulk fermion kinetic term ‡ :
The five-dimensional Dirac matrices are defined in terms of the four-dimensional ones
. The boundary kinetic energy term at y = 0 is defined by interpreting the δ-function as δ(y − ǫ) for ǫ → 0 + with the boundary condition ψ R = 0 at y = 0. Similarly, the boundary term at y = πR is defined by interpreting the δ-function as δ(πR − y + ǫ) with the boundary condition ψ L = 0 at y = πR. The general treatment of possible fermion boundary conditions can be found in Ref. [10] . The covariant derivative in Eq. (2.7) is
where Y L is the ψ L hypercharge. At the interval boundaries the four-dimensional part of the covariant derivative (2.8) becomes: 9) where the
Note that Y R is a 2×2 diagonal matrix, with the ν R hypercharge on the upper left, and the e R hypercharge on the lower right. Therefore, at y = πR the covariant derivative term,ψ R D / ψ R , splits into two separately gauge invariant terms,ν R D / ν R andē R D / e R , as in Eq.(2.7). Note also that in the limit of small t L , t ν R , and t e R the action S (II) describes massless left-handed fermions gauged under an SU (2)× U (1) group living on the left end of the fifth-dimensional interval, and massless right-handed fermions gauged under a U (1) living on the right end of the interval, exactly as in model I. It is the presence of the bulk fields which allow these light states to communicate with each other, supplying the analog of the Yukawa coupling of the SM, and giving mass to the fermions. ‡ Note that we have scaled out a factor πR in the bulk integral, in order for the parameters tL, tν R , and te R to be dimensionless.
Letting χ denote either the five-dimensional electron or neutrino field, we can expand in a tower of four-dimensional KK states:
(2.10)
The four dimensional fields χ nL and χ nR are the left-handed and right-handed components, respectively, of a mass-m n Dirac fermion, (χ nL , χ nR ). The heavy fermions, labeled by n > 0 are just standard bulk fermions with masses determined by the bulk mass and the boundary conditions, and only slightly perturbed by the brane terms. The light fermions, however, are dominated by the brane terms, with only small extension into the bulk set by t L and t χ R , which allows a light mass to exist. Solving perturbatively in t L and t χ R we find a light Dirac state with mass
The fermion sector of model II can accomodate both leptons and quarks, as well as multiple generations and generational mixing. In this work we shall assume that t L and the bulk mass M are universal for all fermions, so that the masses and mixing are determined by the t χ R . Assuming t L to be of the same size as λ ≡ g/ĝ 5 and M not too large, this implies that the t χ R are very small, except for the third generation. For example, with R −1 ∼ 1 TeV and t L ∼ λ ∼ 10 −1 , we find that t χ R ranges from 10 −11 for the lightest neutrino to 10 −2 for the charm quark. We shall postpone the discussion of the details of the fermion masses and mixings, as well as problems associated with the third generation, to a followup paper [9] . For the remainder of this article we assume that t χ R is neglible and examine the effects of a universal and small, but non-neglible, value of t L .
Electroweak Constraints
In Ref. [3] we showed that the electroweak precision constraints in model I with branelocalized fermions could be parametrized to order λ 2 fully in terms of the oblique parameters S, T , and U [6] . This was possible because the couplings between the light fermions and the new heavy vector bosons are suppressed by a factor λ relative to the couplings to the standard model W and Z. As a result, the contributions of the heavy vector bosons to four-fermion operators at zero-momentum transfer are suppressed by a factor of λ 4 relative to the standard model W and Z contributions, and can be neglected. (There is a relative factor of λ 2 from the couplings and an additional factor of λ 2 due to the the heavy vector boson masses in the boson propagator.) To order λ 2 , we only need consider the couplings to the standard model W and Z for electroweak precision measurements. Any additional universal parameters, such as those considered in Ref. [11] can be neglected.
This result also applies to model II with light fermion extension into the bulk, if we make the two simple assumptions that we introduced earlier. Firstly, if we assume that t L ≈ λ, then the coupling between light fermions and the heavy vector bosons remains suppressed by a factor of λ, although the coefficient multiplying this factor is changed. (Effectively, the enhanced overlap of the bulk fermion wavefunctions with the heavy vector boson wavefunctions is compensated by the small probability for the light fermions to leak into the bulk, producing a change in this coefficient of order t 2 L /λ 2 ∼ 1.) Secondly, if we assume that t χ R is negligible, then there are no additional right-handed charged or neutral currents beyond those that occur in the standard model. The couplings of the light fermions and the standard model W and Z can be described by the following interaction lagrangians,
With these assumptions, we can now parametrize the influence of the new physics on the couplings in terms of S, T , and U . We shall take α, m W , and m Z as the fundamental input observables, since their relation to the parameters in the lagrangian is independent of how the fermions are incorporated into the theory. This is trivially seen to be true for m W and m Z , while the flatness of the photon wave function imposes that
independent of fermion model. Following ref. [12] , we find the deviations in the relations between the universal W and Z couplings to be
In these expressions we have defined c ≡ m W /m Z and s ≡ (1 − c 2 ) 1/2 . Note that our choice of definition for sin 2 θ W is different from that used in Ref. [12] .
In model I with brane-localized fermions the couplings are determined by the values of the light boson wavefunctions at the boundaries
Solving perturbatively for these normalized wave functions, we find
Thus, we obtain for this theory
as previously found in Ref. [3] . We now consider the couplings in fermion model II with finite extension into the bulk. They can be expressed as
where we have factored out the values from model I for clarity. (Note that we have assumed that all of the left-handed fermion wave functions are identical, which is valid in the limit of negligible t χ R .) The change in the g CC and g N C
3
couplings between model I and model II is, in fact, a suppression factor. This is seen from the fact that the fermion wave functions are normalized by 8) while the factors in parentheses are positive and less than one:
The suppression factors for g CC and g N C
are identical to leading order in λ 2 . Evaluating the integrals, we obtain
where 11) andM = M πR is the scaled bulk mass. In the limitM → 0 we find A → 1/2 . We now see that allowing the fermions to extend into the bulk, as in model II, can be used to cancel the effects of S in electroweak measurements. Comparing Eq. (3.10) with Eq. (3.5), we see that S can effectively be set to zero (while retaining T = U = 0) by the choice
Conclusions
In models of Higgsless electroweak symmetry breaking it is straightforward to incorporate a custodial symmetry, which naturally ensures that T = 0. However, if the standard model fermions are localized to the branes, the contribution to S is typically sizable. In the analysis of Ref. [3] and reproduced as model I in this paper, the contribution to S is proportional to λ 2 , where λ is the ratio of the brane to bulk gauge couplings. The quantity λ 2 is fixed to be of order 10 −2 by the fact that the standard model gauge bosons have the right mass, while the first KK vector boson must have a mass below about 1 TeV in order to preserve unitarity up to some reasonable scale.
In this paper we have extended the analysis of Ref. [3] to include the effects of light fermion extension into the bulk with large fermion brane kinetic terms in model II (with coefficient 1/t 2 L ), in direct analogy to the gauge sector. This has no effect on the custodial symmetry, thus keeping T = 0, but it does produce a new contribution to S which is proportional to t 2 L and of opposite sign to the previous contribution proportional to λ 2 . Therefore, it is possible to obtain a cancellation between these contributions. Of course, to obtain S = 0 would appear to require fine tuning of two independent parameters, λ 2 and t 2 L . At the moment, we do not have a precise mechanism to produce this tuning naturally; however, we do note that the quantities play suggestively analogous roles in the two different sectors of the theory. That is, the quantity λ 2 is a measure of the extent to which the gauge fields leak into the bulk away from the brane at y = 0, while the quantity t 2 L is a measure of the extent to which the left-handed fermions leak into the bulk away from the brane at y = 0. This offers hope that these parameters might be correlated and cancel naturally in some future model. In any event, we offer this as a proof of principle of a Higgsless model with both S and T set to zero.
In model II the light fermion masses-squared are suppressed with respect to the natural size of (πR) −2 by the amount that the left-handed and right-handed fermions can leak away from the branes at y = 0 and y = πR respectively. That is, they are suppressed by the factor t 2 L t 2 χ R . Given that t L is constrained to keep S fixed at zero, the masses are determined by t χ R . We have found that all the SM-fermion masses can be obtained, while keeping t L universal, except for the case of the top quark. The corresponding values of t χ R are negligible in the calculation of electroweak observables. The details of the mass spectrum, as well as a discussion of the top-quark problem will be postponed to a followup paper [9] .
Finally, we want to stress the generality of this approach. For simplicity, we have considered a model from continuum theory space. However, this picture can be generalized to any 5-dimensional models, with flat or warped backgrounds. For example, one can apply it to the model of Ref. [5] , by noting that their model can be obtained as a generalization of our continuum theory space model. If we start with our model and "fold it in half" by identifying the points y and πR − y, we can treat the SU (2) symmetries for y < πR/2 and y > πR/2 as independent gauge groups, SU (2) L and SU (2) R (connected by an appropriate boundary condition at the reflection point y = πR/2). The U (1) symmetry at y = πR in our model can then be extended to range over 0 ≤ y ≤ πR/2 to obtain the model of Ref. [5] . This same "folding" procedure can also be applied to the fermions in our model II, producing two sets of bulk fermions, both with boundary kinetic terms at y = 0, and connected by an appropriate boundary condition at y = πR/2. Given the generality of this approach to satisfying the electroweak precision constraints, further investigations in this direction are worthwhile, with particular attention to the constraints imposed by top-quark phenomenology.
While we were completing this manuscript, a paper [13] appeared on the ArXiv that discusses localization of fermions as a way to address electroweak constraints in the context of a Higgsless model in warped space. The general conclusions in that paper are similar to ours, although the details are quite different. They also include some discussion of flavor issues and difficulties with the third generation in the warped-space model.
